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Observation of quadrupole helix chirality and its
domain structure in DyFe;(BO3),

T. Usui', Y. Tanaka?, H. Nakajima1, M. Taguchiz, A. Chainani?, M. Oura?, S. ShinZ, N. Katayama3,

H. Sawa3, Y. Wakabayashi' and T. Kimura™

Resonant X-ray diffraction (RXD) uses X-rays in the vicinity of a specific atomic absorption edge and is a powerful technique
for studying symmetry breaking by motifs of various multipole moments, such as electric monopoles (charge), magnetic
dipoles (spin) and electric quadrupoles (orbital). Using circularly polarized X-rays, this technique has been developed to verify
symmetry breaking effects arising from chirality, the asymmetry of an object upon its mirroring. Chirality plays a crucial role
in the emergence of functionalities such as optical rotatory power and multiferroicity. Here we apply spatially resolved RXD
to reveal the helix chirality of Dy 4f electric quadrupole orientations and its domain structure in DyFe;(BOs),, which shows
a reversible phase transition into an enantiomorphic space-group pair. The present study provides evidence for a helix chiral
motif of quadrupole moments developed in crystallographic helix chirality.

t is well known that chirality often plays a critical role in various

disciplines, such as biology, organic chemistry and particle

physics™?. In contrast, chirality in solid-state physics, which
is largely concerned with crystals possessing periodic arrays of
atoms, has attracted less attention. This is partly because most of
the physical properties of crystals are only weakly sensitive to their
chirality. In fact, Neumanns principle’ states that the symmetry
of any physical property of a crystal must include the symmetry
element of the crystal’s ‘point group; in which the screw rotation
operation related to the helix chirality is neglected. Indeed, in
connection with this insensitivity, there are very few methods
to detect and identify the handedness embedded in crystals
(except for optical activity! and X-ray diffraction using dispersion
corrections®). In recent years, however, resonant X-ray diffraction
(RXD) with circularly polarized X-rays has developed as a valuable
technique to identify the handedness in helix chiral structures
through a coupling of X-ray helicity with an enantiomorphic screw
axis®’. The first experimental demonstration to distinguish the
crystallographic helix chirality by RXD with circularly polarized
X-rays was carried out for a-quartz (SiO,) with an enantiomorphic
space-group pair, P3,21 (right-handed screw; ref. 8) and P3,21 (left-
handed screw), and subsequently in berlinite (AIPO,) and elemental
Te with the same space-group pair®'’. In crystals having the space-
group pair P3,21 and P3,21, reflections 00! (I # 3n, n=integer) are
forbidden in non-resonant X-ray diffraction, but allowed in RXD
for certain X-ray energy ranges. By carefully examining the space-
group forbidden reflections observed for the RXD with circularly
polarized X-rays, one can identify the sign of the crystallographic
helix chirality®'°. More recently, using a highly focused X-ray
beam, this technique was applied to image chiral domain
structures of CsCuCl; with a P6,22 and P6522 enantiomorphic
space-group pair''.

Compared with measurements of the optical activity and X-ray
diffraction using dispersion corrections, RXD measurement with
circularly polarized X-rays has the advantage of being able to

detect not only crystallographic helix handedness but also the
chirality ascribed to the periodic motif of multipole moments, such
as magnetic dipoles and electric quadrupoles'>*. In the case of
magnetic dipoles, the handedness of a ‘helical magnetic structure’
represents an example of chirality in magnetic crystals which can
be identified by the RXD technique using circularly polarized
X-rays”". Furthermore, recent extensive studies on magnetic
crystals revealed that the chirality (or the handedness) of complex
magnetic orderings, such as helical magnetic order, has a unique
impact on the dielectric and transport properties, leading to
unusual phenomena such as multiferroicity’®”® and anomalous
magnetotransport®®. Thus, during these years, the concept of
chirality has moved to the forefront of solid-state physics.

In this study, we show the chiral motif of quadrupole moments
and its domain structure by means of the RXD technique using a
circularly polarized, micro-focused X-ray beam. For this purpose,
we employed single-crystal specimens of DyFe;(BO;), having
dysprosium 4f quadrupole moments and enantiomorphs with
right-handed and left-handed helical structures®'. This ferroborate
crystallizes in a trigonal space group, R32, in which a Dy** ion
is surrounded by a trigonal prism of six O*~ ions. On cooling,
it undergoes a first-order structural phase transition into an
enantiomorphic space-group pair (P3,21 and P3,21), which is the
same as that in a-quartz, at T, ~ 285K (refs 22,23). In the P3,21
or P3,21 structure of DyFe;(BO;),, not only Fe’ ions but also
Dy’* ions are arranged in a right-handed or left-handed helical
manner along the three-fold ¢ axis®. For our samples, we have
clearly observed the structural transition at T, as a sharp peak
anomaly in specific heat and the appearance of the Bragg reflection
204, as shown in Fig. 1a. On further decreasing the temperature (T'),
the specific heat shows another anomaly at the Néel temperature
Ty =38K, where an antiferromagnetic (AF) order for both Fe and
Dy moments develops®. In the AF phase, DyFe;(BO;), exhibits a
magnetoelectric effect accompanied by a spin flop*. In this work, we
show that chirality due to the orientation of the quadrupole moment
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Figure 1| Characterization of the structural phase transition using specific heat, non-resonant diffraction, and resonant diffraction at the Dy My 5
absorption edges. a, Specific heat and integrated intensity of reflection 204 as a function of T. Reflection 204 was taken using non-resonant X-ray
diffraction with Mo Ka X-rays. b, Schematic illustration of the scattering geometry for the present RXD measurements. Here k; and ks are the propagation
vectors of the incident and diffracted X-rays, respectively. The azimuthal and Bragg angles are denoted by ¥ and 0, respectively. The origin of ¥ =0 is
defined by the a* axis when it is parallel to —(k; + k¢). The o (¢’) and = (') components are perpendicular and parallel to the scattering plane,
respectively. ¢, T dependence of the integrated intensity of forbidden reflection 001 obtained by the RXD measurements with an incident X-ray energy of
1,292 eV. Open squares show the square of the displacement of the Dy position along the & axis from its position at 300 K (Supplementary Information).
The inset shows a magnified region around Ts. d, The black line and red dots represent the spectra of the X-ray absorption and forbidden reflection 001,

respectively, as a function of photon energy at 200 K.

sets in at T, ~285 K and co-exists with the antiferromagnetic order
below Ty =38 K.

We prepared two crystals of DyFe;(BO;), (Sample 1 and
Sample 2) for the RXD measurements (Methods). The experimental
set-up for the RXD measurements is illustrated in Fig. 1b, and is
explained in detail in the Methods. Figure 1d shows the resonance
enhancement of the forbidden reflection 001 at the Dy M,
absorption edges and T'=200K (<T;) for Sample 1. To show the
resonant edges, we overlay the corresponding X-ray absorption
spectrum (XAS), in which three strong peaks and one weak
peak appear around the Dy M; and M, edges, respectively. The
three distinct features at the Ms edge in XAS are ascribed to the
dipole selection rules: AJ =0 and %1 transitions® (Supplementary
Information). Evidently, reflection 001 is strongly enhanced at the
M; edge, whereas its enhancement at the M, edge is much smaller.
(A similar energy profile has been reported for the M,; edges
of DyB,C, at the antiferro-quadrupolar ordering reflection 003;
ref. 26.) In the following experiments, therefore, the incident photon
energy was tuned to the Dy M; edge (E =1,292eV), at which
reflection 001 shows the maximum intensity. Figure 1c shows the T
profile of reflection 001 measured at E=1,292 ¢V (closed circles),
which clearly demonstrates that the integrated intensity develops
below T (see the inset of Fig. 1c) and that it increases drastically
with decreasing T'.

Figure 2b,c shows the 20-0 scan profiles of reflection 001
measured at two different sample positions on Sample 1. Closed
and open symbols denote the data taken with (+) and (—) helical
incident beams, respectively. The circular polarization state for

helicity (4+) ((—)) is expressed by a sum of the ¢ and & linear
polarizations, in which the ¢ component is advanced (behind)
in time by a quarter period with respect to the m component, as
illustrated in Fig. 1b. A photograph of Sample 1 is shown in Fig. 2a.
The two different positions are in the regions marked as o and
. These RXD measurements were carried out at T =200K (<T)
and an azimuthal angle ¢ =0°. Here, ¢ is the angle rotated with
respect to the scattering vector k (|| ¢*), and its origin (¢ =0°)
is defined as the configuration in which the scattering plane is
parallel to the horizontal direction of the photo in Fig. 2a. As clearly
seen in Fig. 2b,c, the sign change in the helicity of the circular
polarization yields substantially different intensities of the forbidden
reflection 001 for both the sample positions. Moreover, the helicity-
dependent magnitude relations of the intensities are reversed for the
two different sample positions. The intensity observed for incident
X-rays with the positive (4) helicity is stronger than that with the
negative (—) helicity in Fig. 2b, whereas the intensity for (+) helicity
X-rays is weaker than that for the (—) helicity X-rays in Fig. 2c.

To further verify the sample position dependence of the chirality
in Sample 1, we performed a microdiffraction scan along the y
and z directions (Fig. 1b) with circularly polarized micro-focused
beams, keeping the Bragg angle 6 for reflection 001. Figure 2d-f
shows two-dimensional yz-scanned intensity maps of the forbidden
reflection 001 over a 1.5 x 1.5 mm? area at ¢ =0° 30° and 60°,
respectively. The measurements have been done at 200 K. Red and
blue colours correspond to high and low intensity, respectively. The
intensity maps shown in the upper and lower panels in Fig. 2d-f
were taken at almost the same sample area using (4) and (—) helical
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Figure 2 | Sample position and circular X-ray polarization dependence of the intensity of forbidden reflection 001 and spatial images of the
crystallographic chiral domain structure at 200 K. a, Photograph of the scanned surface of Sample 1. At ¢ =0°, the scattering plane is parallel to the a*
axis and the horizontal direction of the photo. b,¢, The 26-6 scan profiles around reflection 001 from two different sample positions on Sample 1. These
measurements were carried out at 200 K and ¢ =0° using (4) and (—) helical incident X-rays with an energy of 1,292 eV. d-f, X-ray intensity maps of the
forbidden reflection 001 using () and (—) helical incident X-rays in the upper and lower panels, respectively. The data shown in d-f were obtained at
¢=0°,30° and 60°, respectively. In a, the box denotes the scanned area for the data shown in d. Hatched areas represent the regions where the reflected
X-ray intensity is weak because of the surface quality. g, Azimuthal angle dependence of the integrated intensity of reflection 001 measured in the regions
o (red symbols) and f (blue symbols). Closed and open symbols denote the data obtained by using (+) and (=) helical incident X-rays, respectively. Solid

lines represent the fit obtained with the model presented in the text.

incident X-rays, respectively. When comparing the intensity maps
obtained by the (+) helicity X-rays (upper panels of Fig. 2d-f),
the contrast of the images becomes gradually more intense on
rotating ¢ from 0° to 60°. However, the patterns of all the images
are qualitatively similar to one another. Furthermore, the colour
contrast is reversed when the sign of the X-ray helicity is reversed
(compare the upper and lower panels of Fig. 2e,f). By applying a
theoretical analysis of RXD from crystals with right-handed P3,21

NATURE MATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials

and left-handed P3,21 structures®'®?* to the observed results, we
can identify the absolute crystallographic chirality of each region,
as discussed below. The analysis reveals that regions o and f§
correspond to right-handed (P3,21) and left-handed (P3,21) chiral
domains, respectively, and that Sample 1 is composed of multi-chiral
domains. The size of the observed domains is on a (sub)millimetre
scale. (The domain pattern is robust and does not change each
time T, is passed. This is because the crystallographic structure
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is already chiral (R32) above T,. Namely, both left- and right-
handed crystals already exist in which FeOg octahedra form helix
chains even above T,, which governs the handedness below T
and the robustness of chiral domains observed here.) Thus, we
have successfully observed the helix chiral domains by scanning
resonant X-ray microdiffraction with a focused, circularly polarized
X-ray beam.

Next, we show the azimuthal angle dependence of the intensity
of reflection 001, which is related to the above-mentioned change in
the contrast of the intensity maps by varying ¢. Figure 2g shows the
integrated intensity of reflection 001 from regions o (red symbols)
and f (blue symbols) in Sample 1 as a function of the azimuthal angle
Y. These measurements have been done at 200K using incident
beams with both (4) and (—) helicities. In the graph, the origin of
the horizontal axis (¥ =0°) is defined as the diffraction geometry
where the b axis of each chiral domain is aligned along the z axis.
Namely, the geometry at ¥ =0° is equivalent to that illustrated in
Fig. 1b for the respective chiral domains. (The experimental set-up
of the region § was consistent with that shown in Fig. 1b (namely,
¥ =), whereas that in region a corresponded to the configuration
at ¥ =¢ —60°. Thus, in Fig. 2g the data for region a were shifted
by —60°.) In all the data, a sinusoidal modulation exhibiting three-
fold periodicity of the enantiomorphic screw-axis is observed. The
integrated intensity and amplitude of the sinusoidal modulation by
the (4) helicity X-rays are larger than those from the (—) helicity
X-rays in the diffraction from region o (red triangles), whereas
these relationships are reversed in the diffraction from region f3
(blue circles). Moreover, the phases of the sinusoidal modulation
observed by the (4) and (—) X-ray helicities in region o show an
anti-phase relation and are shifted by approximately 45 to +8° from
the origin. In region f3, the phase by the (4) X-ray helicity is shifted
by approximately —15° from the origin whereas the shift observed
by (—) X-ray helicity is negligible. The origin of these phase shifts
will be discussed later.

Theoretical descriptions of the structural factor for the
enantiomorphic space-group pair P3,21 and P3,21 have been
discussed in detail'>”’. According to the theory presented there, the
intensity I as a function of ¥ for reflection 001 within the E1E1
resonant event is given by

I=1I,41I,cos (3¥) (1)

Iozé {4 (1+sin6)" +282 | + %P3A2 (1+sin’6) cos’6
+P,vA’sin6 (1+sin’0) (2)

I, = AB(2P;sin® — P,v cos’ ) (3)

Here the Bragg angle 6 and the Stokes parameters P, and P, the
circular and the linear polarization, respectively, are given by the
experimental configuration. These values are described in Methods.
The parameter v denotes the crystallographic chirality (v = +1
for P3,21 and v = —1 for P3,21). The P,v term plays a crucial
role in identifying the absolute chirality. The parameters A and B
are given by the two independent Dy quadrupole components as
A=3/2Qs_,» and B=3/2Q,, cos. The quadrupole consists of five
independent components, Q:2_,2, Q> Q> Qre» and Qs2_,2 with
respect to the right-handed orthonormal quantization axes (§7¢)
defined on the reference site (—x, —x,0) for both the space groups.
Here the & axis coincides with the two-fold axis [110] and the ¢
axis coincides with the ¢ axis. This definition is the same as that
in ref. 13. The crystal axes (abc) in the trigonal system are defined
using the atomic coordinates (Supplementary Information) to avoid
the 60° arbitrariness in the choice of the unit cell. We find that
the two-fold symmetry along the £ axis (C, site symmetry) makes
Q:, = Qs = 0. According to the selection rule", the component

Qs2_,2 contributes to reflections 00/ (I =3#n) and the components
Q:2_,2 and Q,, contribute to forbidden reflections 00] (I=3n=+1).
The components Q:_,» and Q,, at the two other Dy sites located
at (x,0,%1/3) and (0,x,F1/3) are obtained by rotations of +120°
and —120° about the ¢ axis, respectively. The upper (lower) sign of
1/3 corresponds to the space group P3,21 (P3,21). (See the top and
middle panels of Fig. 3.)

Thus the chirality parameter v as well as the values of the
quadrupole components, Q;:_,» and Q,, in arbitrary units are
determined by fitting the experimental results shown in Fig. 2g to
equations (1)-(3). However, the experimental data deviate slightly
from the curves expected by equation (1), in terms of the phase
shift mentioned above, which predicts that the reflection intensity
has a maximum or a minimum at ¥ =0°. Possible origins of such
a phase shift in the ¥ dependence of RXD have been discussed in
terms of several mechanisms such as the contribution of parity-odd
resonant events, such as E1E2 for a-quartz and berlinite®"?, and the
birefringence for CuO (ref. 27). Ref. 7 suggests a combined effect
of the core-hole lifetime and the symmetry of the wavefunction of
the intermediate states for a-quartz. In the case of DyFe;(BO;),,
resonant scattering at the Dy M; edge is mainly governed by the
E1E1 event because the XAS spectrum at the Dy M; edge is
explained well by the E1 transition (Supplementary Information).
The contribution of the birefringence” may cause a phase shift
in the ¥ dependence. However, further theoretical consideration
is needed to clarify the origin of the phase shift observed in
DyFe;(BO;),.

In the following analysis, we introduce a phase shift angle
8(P,, v) as a fitting parameter,

I=I,+1 cos{3[¥ —8(P,, )]} (4)

First, by using equations (2)-(4), we analyse the ¥ dependence of
the integrated intensity of reflections for Sample 1. Obviously, all the
data shown in Fig. 2g can be nicely fitted with equation (4), which
allows us to obtain I, and I,. Then, the sign of the crystallographic
chirality v is determined by checking the difference between I,
obtained by the (4) and the (—) helicity. Namely,

Aly=I,(+P,) — I, (—P,) =2P,vA*sin6 (1+sin’6) (5)

As seen in Fig. 2g, the sign of Al for the region a is positive whereas
that for the region f3 is negative. From equation (5), this means that
the chirality of the region o is v=+1 (P3,21) whereas that of {3 is
v=—1 (P3,21). In Table 1, we list I, and I, obtained from the fits
of the data shown in Fig. 2g to equation (4) (I;* and I;™") as well
as those obtained from equations (2) and (3) (Ig* and I{*) with the
experimental parameters. One of the most interesting observations
in Table 1 is that the signs of I;* at a(v=+1) are opposite to
those at B(v = —1). For example, I;"*(+v, +P,) = 0.294 whereas
I*(—v, —P,) = —0.297. This sign inversion indicates that
equation (3) satisfies the relation I,(4+v, £P,) = —L,(—v, FP,)
or the product Q2_,2Q,, has opposite signs for region a(v=+1)
and region B(v = —1). This feature is due to an intrinsic
property between the enantiomorphic space-group pair. The axes
(§n¢) defined at the reference site are right-handed for both the
space-groups whereas the DyOjs clusters located at the reference site
are not the same for the enantiomorphic space-groups. The DyOq
cluster has a mirror image of each other in terms of the {& plane,
as illustrated in the top panels in Fig. 3a,b. The mirror operation
with respect to the ¢£ plane gives Qg2_,2(v=+41) =Qe_,2(v=—1)
and Q,.(v=+1)=—Q,(v=—1). The relations are in good accord
with the experimental results Qs._,» = —0.37 and Q,, = +0.42
for region a, and Qg_,» = —0.41 and Q,, = —0.39 for region f.
The values are given by the equations I = I (i=0,1). Thus,
these relations, together with other similar relations between
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Figure 3 | Helix chiral motif of quadrupole moments. a,b, Schematic illustrations of left-handed (P3,21) (a) and right-handed (P3;21) (b) chiral structures
and proposed quadrupole helix chirality in DyFe3z(BO3)4. Top panels show the possible electric quadrupole states of Dy 4f electrons (lobes) and the
deformation towards lower T in DyOg prisms surrounded by orange dotted circles in the middle and lower panels. The quadrupole component Q,; > O for
P3121and Q¢ <O for P3;21, respectively, and the quadrupole component Qg2_,> <O for both structures. In the illustration of electric quadrupole states
(top), red and blue parts denote positive and negative charge distribution, respectively. Green arrows represent elongation of the Dy-O bonds and white
arrows represent contraction of the Dy-O bonds. The middle panels depict views along the c axis and bottom panels show the side views. Only Dy and O
atoms are shown. Yellow arrows denote the electric quadrupoles and the displacements of the respective Dy atoms accompanied by the structural phase
transition below Ts. Grey helices are guides for the eyes to visualize the helical chirality. Some illustrations were drawn by using VESTA (ref. 35).

Table 1] Ip and I; obtained from the fits of the data shown in Fig. 2g to
equation (4) (Ig® and I7"?) as well as the experimental coefficients in
equations (2) and (3) (IS and I$*") for Sample 1.

Region v P, BP B (B2 5!

a +1 —0944 0264 0.074A2+B2 —0110 0.353AB
+0944 0778 176A%+B?> 0294 —0.770AB

B -1 —0944 0.895 176A24+B2  —0.297 —0.770AB
+0944 0236 0.074A%2+B% 0134  0.353AB

the electronic structures of the two enantiomorphs, give insight
into similarities and differences between the enantiomorphs as
discussed in ref. 13, and suitably describe the present results of
quadrupole helix chirality.

Figure 4 shows the integrated intensity of reflection 001 as a
function of ¥ at various temperatures. For these measurements, we
used Sample 2, which has a monochiral domain (Supplementary
Information). The ¥ dependence in Sample 2 is equivalent to
that of region f§ in Sample 1 for both the X-ray helicity (4)
and (—). Thus, the chirality of Sample 2 is the same as that of
region B, and v=—1 (P3,21). With decreasing T, the integrated
intensity and the amplitude of the sinusoidal modulation increase
monotonically, but overall features such as the periodicity and the
phase shift do not change. The temperature evolution leads to a steep
increase of the integrated intensity of reflection 001 towards lower
temperatures, as seen in Fig. 1c. To discuss the observed dependence
on T, we analysed the data shown in Fig. 4. Table 2 lists the
parameters obtained from the aforementioned fitting procedures
using equations (2) and (3). Both the amplitudes of I, and I,
gradually increase with decreasing T'. Using these parameters, we
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Figure 4 | Azimuthal angle dependence of the integrated intensity of forbidden reflection 001 at various temperatures for Sample 2 with nearly a
monochiral domain (P3,21). a,b, The data shown were obtained by using (+) and (—) helical incident X-rays. Solid lines represent the fit obtained with the

model presented in the text.

Table 2| I, and I, obtained from the fits of the data shown in Fig. 4 to equation (4) (I;” and I7") as well as the experimental
coefficients in equations (2) and (3) (If.j’I and l:“') for Sample 2 composed of nearly a monochiral domain with the P3,21 space

group (v =-1).

| | Q

T (K P, = s 1 I52 Q. Q, %

200 —0.944 1.25 1.76A2 4 B2 —0.434 —0.770AB 0.25 019 0.9
+0.944 0.297 0.074A2 + B2 +0.146 +0.353A8B

150 —0.944 2.52 1.76 A2 + B2 —0.793 —0.770AB 0.46 0.51 11
+0.944 0.765 0.074A2 + B2 +0.367 +0.353A8

100 —0.944 4.80 1.76 A2 + B2 —-1.52 —0.770AB 0.82 116 1.20
+0.944 1.70 0.074A2 + B2 +0.741 +0.353A8

50 —0.944 8.96 1.76 A2 + B2 —291 —0.770AB 1.49 2.27 1.23
+0.944 3.29 0.074A2 + B2 +1.31 +0.353A8B

have obtained the values of Q;L 5 Q° and Q,./Qq_,p at the
respective temperatures. The absolute values of both quadrupole
components Q;z_,» and Q,, (both of which have negative values
for P3,21) are enhanced with decreasing T, as shown in Fig. 4
and Table 2. Moreover, the increase of Q,,/Qs2_,» towards lower
T suggests that the quadrupole component with the n¢ symmetry
increases more rapidly than that with the §* —n* symmetry.

In the left top panels of Fig. 3a,b, the charge distributions ascribed
to the linear combination of Q_,» and Q,. are schematically
illustrated for the P3,21 and the P3,21 phases, respectively. The
mirror relation of the charge distribution between these two phases
is evident, which is attributed to the sign change in Q,, as shown in
the data of Fig. 2g and Table 1. The temperature evolution of Q:2_,»
and Q,, suggests that these types of charge distribution become
more pronounced at Dy sites with decreasing T'. This consideration
is qualitatively supported by the T'-dependent deformation of DyOq
prisms. According to the results of our crystal structure analysis
(Supplementary Information), the structural transition from the
high-T R32 phase into the low-T P3,21( or P3,21) phase shifts the
Dy site along the & axis, as denoted by thick yellow arrows in the
middle panels of Fig. 3. Moreover, the structural transition causes
elongation of the Dy-O(4) bonds and contraction of the Dy-O(3)
and Dy-O(7) bonds. This deformation of the DyO, prism towards
the low-T phase is indicated by thick arrows in the upper right
panels of Fig. 3a,b. Comparing the left and right upper panels of
Fig. 3a,b, it is likely that the deformation of the DyOy prism towards
lower T is a result of stabilization of the quadrupoles with the £ — n?
and n¢ symmetries.

The deformation of the DyOg prism is, however, relatively
smaller below 200K than that observed at the phase transition

at T, (Supplementary Information), while the square of the
Dy displacement from the special point of the R32 trigonal
structure shows a similar temperature dependence to the intensity
of reflection 001, proportional to the sum of the squares of
the quadrupole components, as shown in Fig. 1lc, suggesting a
direct relation between the Dy displacement and its quadrupole
components. On the other hand, the °His energy level of Dy™* 4f
electrons in DyFe;(BO;), splits into eight Kramers doublets, and
the splitting between the first and second sublevels is estimated
to be 15~20cm™" (refs 23,28-30). The temperature evolution of
the intensity of reflection 001 may be affected by the population at
the respective sublevels. More detailed experiments and discussions
are needed for further quantitative understanding and will be the
subject of future work.

In the middle and lower panels of Fig. 3, we illustrate the
stabilized quadrupoles at the respective Dy sites in a unit cell
of DyFe;(BO;),. These figures clearly show that not only Dy
atoms but also the quadrupoles, including their orientations, are
arranged in a helical manner. In addition, the handedness of
the helical quadrupole arrangement in the P3,21 phase (Fig. 3a)
is opposite to that in the P3,21 phase (Fig. 3b), which is
derived by considering the correlation between the crystallographic
chirality and the orientation of the charge distribution in each
quadrupole. Thus, the present resonant X-ray diffraction study with
circularly polarized X-rays provides a new concept, ‘helix chiral
arrangement (or ordering) of quadrupole moments and reveals
its domain structure. In 4f electron systems, it is known that the
anisotropy of magnetism cannot be described without the spin—
orbit interactions. Therefore, it is reasonable to consider that the
direction of magnetic moments in the Dy sites of DyFe;(BO;), is
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strongly coupled with the orientation of its electric quadrupole,
and that the observed helical quadrupole arrangement is linked
to the 120°-type arrangement of Dy magnetic moments proposed
by a previous neutron diffraction study?. In addition, the present
study revealed the formation of fairly large domains (and/or
a single domain) of quadrupole helix chirality in DyFe;(BO;),
single crystals. This can be related to the single magnetic chirality
observed in a similar rare-earth ferroborate, NdFe;(BO;),, through
the Dzyaloshinskii-Moriya interaction®. If we properly choose
the compounds in which a phase transition from non-chiral
to chiral structures takes place, control of the quadrupole helix
chirality and its domain structures will be possible by external
stimuli such as circularly polarized light, leading to unconventional
material functionality.

Methods

Sample preparation and characterization. Single crystals of DyFe;(BO;), were
grown by a flux method using Bi,0;-MoO; flux, as reported previously™. The
starting composition in wt.% was 20.0 Dy,0s, 12.7 Fe, 03, 18.7 B,0;, 25.2 Bi, 05
and 23.4 MoO;. The mixture was put into a platinum crucible, heated at 1,000°C
in a furnace for 24 h, and melted completely. Next, a platinum rod was immersed
into the melt and rotated for about 2 h to stir the flux. After the rod was
withdrawn, some seed crystals were nucleated on the rod. After the nucleation
was confirmed, the rod with seed crystals was immersed again into the melt
heated at 1,000 °C. After holding at that temperature for 1h, the melt was slowly
cooled down to 968 °C, taking 13 days to grow crystals. Subsequently, the
platinum rod with the grown crystals was pulled from the melt and cooled down
to room temperature. The crystals were then leached from the flux with
concentrated hydrochloric acid. All the above processes were carried out in air.
The obtained crystals were greenish and had typical dimensions of approximately
2x2x2mm’.

We measured powder X-ray diffraction patterns of a crystal at room
temperature and confirmed that its crystal structure belongs to the R32 trigonal
structure. Some of the crystals were oriented with back-reflection Laue X-ray
diffraction measurements and cut into thin plates with the widest faces
perpendicular to the ¢ axis (typical dimension about 2 x 2 x 0.5mm?). We
mechanically polished their faces to a mirror-like surface for measurements of
specific heat and resonant X-ray diffraction (RXD) with circularly polarized
X-rays. The specific heat of one of the specimens was measured using a
relaxation technique. Two of the specimens, termed Sample 1 and Sample 2, were
chosen for the RXD measurements.

Resonant X-ray diffraction measurement with circularly polarized X-rays. For
resonant X-ray diffraction (RXD) measurements with circularly polarized X-rays,
we used two single-crystal specimens: Sample 1 and Sample 2. (The present study
revealed that Sample 2 consists of a nearly monochiral domain with the P3,21
structure whereas Sample 1 is composed of multichiral domains with both P3,21
and P3,21 structures). Measurements on the polished surface of the two
specimens were carried out using an ultrahigh-vacuum diffractometer equipped
at the beamline 17SU, SPring-8, Japan®. The incident photon energy was tuned
approximately to the Dy M; edge (=1,292 eV). The helicity of the incident beam
was switched by the electromagnet of an undulator. In the present experimental
setting, the Stokes parameters representing the polarization of the incident X-ray
beam were P, =+0.944 and P; =—0.164 for (4) helicity X-rays and P, =—0.944
and P; =—0.164 for (—) helicity X-rays. (For ideal circularly polarized X-rays,
P,=+1(—1) and P;~0 for positive (negative) helicity, whereas for linear o ()
polarization P,~0 and P; =+1(—1).)

To observe forbidden reflection 001, these crystals were mounted with both
the a* and c* axes in the scattering plane and the c* axis along the scattering
vector k (=k; —k;, where k; and k; are the propagation vectors of the incident
and diffracted X-rays), as illustrated in Fig. 1b. The azimuthal angle ¥ is a
rotation of the sample about k. The Bragg angle 6 for reflection 001 was observed
at approximately 39° and was slightly dependent on T. The intensity of the
diffracted X-rays was measured with a Si-photodiode sensor without polarization
analysis. The penetration depth d, of the incident beam into the crystal was
estimated from the full-width at half-maximum AQ of reflection 001. Using
the relation d, =21/ AQ, where the unit of AQ is nm™', we obtained
d,~160 nm.

For the chiral domain imaging, the crystals were positioned with an xyz
translation stage with 25 pum step size, and the diffracted intensity of forbidden
reflection 001 was measured at each point. (As depicted in Fig. 1b, the x direction
is aligned antiparallel to the ¢* axis and the z direction is perpendicular to the
scattering plane.) We focused the incident X-ray beam using Kirkpatrick-Baez
configuration mirrors equipped just before the diffractometer®. The beam size

was approximately 30 um in the horizontal direction and 15 um in the vertical
direction, giving spatial resolutions for the y andz scans of approximately 47 um
and 15 um, respectively.

Crystal structure analysis. The single-crystal X-ray diffraction experiment was
performed at BLO2B1, SPring-8, Hyogo, Japan. The crystal used had a size of
140 x 60 x 20um’. The wavelength of the incident X-rays was 0.5160 A. A large
imaging plate camera equipped with a He gas-flow type sample cooler was used.
For image data processing and structure refinement, we used the programs
RAPID AUTO and WinGX.

Received 19 November 2013; accepted 11 March 2014;
published online 6 April 2014
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